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Gold nanoparticles with an average size of 3 nm, 15 nm, and 30 nm suspended in water have been studied
by x-ray diffraction and computer simulations. The atomic pair distribution function approach was employed to

determine the three-dimensional structure because of the limited structural coherence in these nanostructured
materials. The nanoparticles possess a well-defined atomic arrangement resembling the face-centered cubic
(fce) structure occurring with bulk gold. The fce-type features of this arrangement become more prominent
with increasing nanoparticle size. The study provides a clear picture of the nanoparticles’ size-structure rela-
tionship and can help open up the route for calculating and predicting of their useful properties.
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I. INTRODUCTION

In recent years, metallic nanoparticles have attracted
much attention because of their unique properties and a wide
variety of potential applications. A prime example is gold
nanoparticles which are being investigated for applications in
selective biological detection,! optoelectronics,? and drug
delivery.® It is well known that a material’s properties arise
from collective atomic effects that are very sensitive to the
atomic ordering, including the presence of local structural
disorder.* For example, the atomic disorder in gold nanosize
structures is seen as broadening in the electron density of
states that leads to distinct optical responses for nanopar-
ticles of different sizes and local structures.’ Since gold
nanoparticles are intensively studied because of their useful
properties, a detailed knowledge of their structure, including
its imperfections, is needed. However, theoretical studies of
the physical properties of gold nanoparticles are hindered by
the lack of such knowledge and easy-to-use structural mod-
els. The difficulty stems from the fact that materials con-
structed at the nanoscale level show diffraction patterns with
a pronounced diffuse component and a few broad, Bragg-like
features. This renders the traditional techniques for structure
characterization that are designed to handle either sharp
Bragg peaks, to determine the average, longer-range struc-
ture, or diffuse scattering alone, to access the local structural
imperfections, not quite applicable. Recently, it has been
shown that the three-dimensional (3D) structure of materials
with reduced structural coherence, including nanocrystalline
materials, can be determined in great detail using the atomic
pair distribution function (PDF) technique.®~ Here we use it
to determine the 3D structure of dendrimer stabilized gold
nanoparticles in water. Nanoparticles with an average size of
3 nm, 15 nm, and 30 nm were studied. The experimental
PDFs clearly show that the nanoparticles possess a well-
defined atomic arrangement resembling the face-centered cu-
bic (fce) structure occurring in bulk gold. Also, they show
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that the fcc-type arrangement becomes more prominent with
increasing nanoparticle size. We find that models based on a
fragment of a locally disordered fcc-type structure describe
quite well the atomic arrangement in 15 nm and 30 nm nano-
particles. The atomic arrangement in 3 nm nanoparticles is
best described by a model that takes into account the pres-
ence of extended structural defects and domains inside the
nanoparticles.

II. EXPERIMENT
A. Sample preparation

Three systems of gold nanoparticles with average sizes of
approximately 3 nm, 15 nm, and 30 nm were studied. The
aim was to investigate the effect of particle size on the
atomic-scale structure. Gold nanoparticles with a size of 3
nm were synthesized using HAuCl, as a precursor. A typical
procedure involved mixing of 1 mL of a 4% HAuCl, solution
with 375 uLL of chloroauric acid and 500 uL of 0.2 M
K,CO; in 100 mL of deionized water. The solution was
cooled on ice while stirring rigorously. NaBH, solution was
added to the chloroauric acid/carbonate suspension while
continuing stirring. After completion of the sodium borohy-
drate addition, the reaction mixture was stirred for 5 min.
Cystamine core, hydroxyl surface poly(amidoamine)
(PAMAM) dendrimers of a second generation were reduced
to thiol-functionalized dendrons and the respective aqueous
solution was added to the freshly prepared gold colloidal
solution to produce the dendronized nanoparticles. The ex-
cess dendron reagent was removed using appropriate Sepha-
dex (G50 and 100) columns. Gold nanoparticles with size of
15 nm were synthesized again using HAuCl, as a precursor.
A typical procedure involved mixing of 5 mL 1% HAuCly
with 4 mL of chloroauric acid and 4 mL of 0.1 M K,COs in
100 mL deionized water, followed by a thorough mixing and
cooling on ice. The next step involved adding of 1 mL of 7%
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sodium ascorbate and adjusting the volume of the reaction
mixture to 400mL using deionized water. The mixture was
then brought to boil until its color turned red. Thus obtained
gold colloidal suspension was reduced to dendron-stabilized
gold nanoparticles as described above. Gold nanoparticles
with size of 30 nm were synthesized as follows: 0.5 mL of
4% HAuCl, was added to 200 mL deionized water. The so-
lution was brought to boil and then 3 mL of 1% sodium
citrate were added. The resulted mixture was refluxed for 30
min until its color changed from dark blue to red. The re-
sulted gold colloidal suspension was reduced to dendron-
stabilized nanoparticles as described above. More details of
the preparation procedures can be found elsewhere.!%!!

B. TEM experiments

Transmission electron microscopy (TEM) characterization
was performed on a Philips CM12 instrument at 120 keV. All
samples were sprayed onto an ultrathin carbon film sup-
ported by a 3 mm copper grid and measured after water
evaporation. TEM images of the three systems of nanopar-
ticles studied are shown in Fig. 1. Nanoparticle size distribu-
tions extracted from the TEM images are shown in Fig. 2.

C. Synchrotron radiation scattering experiments

Previous studies” !> have shown that a nanoparticle’s im-
mediate environment, in particular solvent molecules that ap-
proach closely all atoms at the nanoparticle’s surface, may
affect the nanoparticle’s atomic ordering substantially. This
prompted us to measure the three systems of gold nanopar-
ticles in the environment they are produced and most fre-
quently used, i.e., in water. Diffraction experiments were car-
ried out at the beamline 11-ID-C (at the Advanced Photon
Source, Argonne National Laboratory) using x-rays of en-
ergy 114.496 keV (A=0.1083 A). During the measurements
the samples were contained in sealed glass capillaries. Scat-
tered radiation was collected with an intrinsic germanium
detector connected to a multichannel analyzer. The experi-
mental diffraction pattern for 3 nm gold nanoparticles in wa-
ter is shown in Fig. 3(a). The x-ray diffraction (XRD) pat-
terns for water and crystalline bulk gold are also shown for
comparison. As can be seen in the figure, water makes a
rather substantial contribution to the total experimental dif-
fraction patterns due to its large volume fraction (approx.
85%). The contribution of the gold nanoparticles is seen as a
weak oscillation superimposed on a slowly varying back-
ground mostly coming from the water solvent [see Fig. 3(a)].
This oscillation, however, shows up as a well-defined diffrac-
tion pattern when the background scattering is removed, as
can be seen in Fig. 3(b). The diffraction patterns for the other
two systems of gold nanoparticles, corrected for water scat-
tering, are presented in Fig. 3(b) as well.

III. RESULTS

As TEM images reveal, the nanoparticles with an average
size of 3 nm [Fig. 1(a)] and 15 nm [Fig. 1(b)] are approxi-
mately spherical in shape while those with an average size of
30 nm [Fig. 1(c)] appear as well-developed nanocrystallites
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FIG. 1. TEM images of gold nanoparticles with average sizes of
3 nm (a), 15 nm (b), and 30 nm (c).
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FIG. 2. Distributions of a nanoparticle’s size extracted from (a)
the TEM image of Fig. 1(a), (b) from the TEM image in Fig. 1(b)
and 1(c), from that in Fig. 1(c).

with rectangular shape. Size distributions extracted from the
TEM images are relatively narrow (see Fig. 2) with full
width at half maximum of approx. 1 nm, 2 nm, and 10 nm
for the nanoparticles with an average size of 3, 15, and 30
nm, respectively. The system of 30 nm nanoparticles seems
to contain a fraction of smaller nanoparticles, approximately
3-5 nm in size [seen as small dots in Fig. 1(c)]. This fraction,
however, constitutes a rather small amount of the sample
(~1-2 vol. %) and, since x-ray diffraction is a volume sen-
sitive technique, could hardly affect its x-ray diffraction pat-
tern. As the data in Fig. 3(b) show, the 30 nm crystallites do
produce a diffraction pattern that is defined much better than
that of the smaller (3 nm system) nanoparticles. As can also
be seen in Fig. 1, the nanoparticles in all three samples do
not cluster together, likely due to the presence of poly(ami-
doamine) (PAMAM) dendrons attached to their surface. Ob-
viously the PAMAM dendrons not only stabilize the nano-
particles when suspended in water but prevent them from
aggregating when dried in air as well. The PAMAM den-
drons attached to the nanoparticle’s surface are not visible in
the TEM images (see Fig. 1) or in the x-ray diffraction pat-
terns (see Fig. 3) due to the low contrast power of these
organic molecules for electrons and x-rays. As previous stud-
ies have shown,'? the presence of long organic molecules
such as PAMAM dendrons does not influence substantially
the atomic ordering in the gold nanoparticles they are at-
tached to. The reason is that such chainlike molecules inter-
act with only a few atoms out of a few hundred or thousand
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FIG. 3. (a) X-ray diffraction patterns for water (symbols), 3 nm
Au nanoparticles in water and bulk gold (solid lines). (b) X-ray
diffraction patterns for 3 nm, 15 nm, and 30 nm Au nanoparticles
corrected for water and background scattering.

making up the nanoparticles’ surface. That is why the pres-
ence of PAMAM dendrons was disregarded in the structure
analyses carried out by us.

As can be seen in Fig. 3(b) the diffraction patterns for the
three systems of gold nanoparticles show several Bragg-like
features. Their position and relative intensity match those of
the sharp Bragg peaks observed in the diffraction pattern of
bulk crystalline gold shown in Fig. 3(a). The Bragg-like fea-
tures in the diffraction pattern of 3 nm nanoparticles are,
however, rather smeared and turn into a slowly oscillating
diffuse component at Q values as low as 6 A~'. This is due
to the truly small particles’ size, and, as our subsequent
analyses show, to the presence of a considerable local struc-
tural disorder. The Bragg-like features in the diffraction pat-
terns of 15 nm and 30 nm are defined better than those in the
pattern of the 3 nm nanoparticles but still appear broadened
when compared to the corresponding sharp Bragg peaks ex-
hibited by bulk crystalline gold. The analysis of the broad-
ened Bragg-like features in the diffraction patterns of the
nanoparticles poses particular problems. Several studies have
attempted to interpret them in terms of noncrystallographic
clusters'* or a convoluted mixture of structure types.'> None
of these studies, however, have clearly revealed the effect of
particle’s size on the atomic-scale structure, nor have they
yielded 3D structural models for gold nanoparticles in water
in terms of the atomic coordinates. To achieve this goal we
considered the diffraction data in terms of the corresponding
atomic pair distribution functions. The frequently used
atomic pair distribution function G(r) is defined as follows:
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G(r) =4mr{p(r) = pol. (1)

where p(r) and p, are the local and average atomic number
densities, respectively, and r is the radial distance. It peaks at
characteristic distances separating pairs of atoms and thus
reflects the atomic-scale structure. The PDF G(r) is the Fou-
rier transform of the experimentally observable structure
functions, S(Q), i.e.,

Qmax

G(r) = (2/m) Q[S(Q) - 1]sin(Qr)dQ, (2)
0=0

where Q is the magnitude of the wave vector (Q
=447 sin 6/\), 26 is the angle between the incoming and out-
going radiation beams, and \ is the wavelength of the radia-
tion used. The structure function is related to the coherent
part of the total scattered intensity as follows:

(@) =1+[10) - = el P/ |2 @', 3

where I°*(Q) is the coherent scattering intensity per atom in
electron units and ¢; and f; are the atomic concentration and
x-ray scattering factor, respectively, for the atomic species of
type i. As can be seen from Egs. (1)-(3), the PDF is simply
another representation of the diffraction data. However, ex-
ploring the diffraction data in real space is advantageous,
especially in the case of materials of limited structural coher-
ence. First, as Egs. (2) and (3) imply, the fotal scattering,
including Bragg peaks as well as diffuse scattering-like fea-
tures, contributes to the PDF. In this way both the average,
longer-range atomic structure, manifested in the Bragg
peaks, and the local structural imperfections, manifested in
the diffuse component of the diffraction pattern, are reflected
in the PDF. And second, the atomic PDFs do not imply any
periodicity and can be used to study the atomic ordering in
materials showing any degree of structural coherence, rang-
ing from crystals®!® to glasses!” and even liquids.'® This is
especially important in the present studies where the degree
of structural coherence changes across the three different
samples of gold nanoparticles studied. Recently the advan-
tages of the atomic PDF approach have been successfully
utilized in structure studies of several nanocrystalline
materials,%” including nanoparticles.”-!”

Experimental PDFs for the gold nanoparticles and bulk
crystalline gold were obtained as follows. First, the coher-
ently scattered intensities were extracted from the XRD pat-
terns shown in Fig. 3 by applying appropriate corrections for
flux, Compton scattering, and sample absorption. The inten-
sities were normalized in absolute electron units, reduced to
structure functions Q[S(Q)—1] and Fourier transformed to
atomic PDFs. Thus obtained experimental atomic PDFs are
shown in Fig. 4. All data processing was done with the help
of the program RAD.%"

IV. DISCUSSION

As can be seen in Fig. 4(a), the experimental PDF for
bulk crystalline gold is rich in well-defined structural fea-
tures extending to high real-space distances, as it should be
with a material possessing a perfect long-range atomic order.
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FIG. 4. (Color online) Experimental atomic PDFs (symbols) for
gold nanoparticles with an average size of 3 nm, 15 nm, 30 nm, and
for bulk gold (a). Model atomic PDFs calculated from structure data
for crystalline gold, as described in the text, are shown as solid lines
(in red). The first peak in the experimental PDFs for the nanopar-
ticles (symbols) and for bulk gold (solid line) is shown in (b) on an
enlarged scale.

The PDFs for the nanoparticles are also rich in structural
features but they vanish at much shorter interatomic dis-
tances. The nanoparticles, as one may expect, lack the ex-
tended order of usual crystals. The first peak in all experi-
mental PDFs is shown in Fig. 4(b). It is positioned at
approximately. 2.86(2) A which is the average Au-Au first
neighbor distance in gold. A careful inspection of the peak
shows that the distribution of Au-Au first neighbor distances
in the nanoparticles is considerably broader than that in bulk
gold. The broadened distribution of Au-Au first neighbor dis-
tances does not scale with the average nanoparticle’s size
(varying from 3 nm to 30 nm) and, therefore, one may safely
assume that it is mostly due to the presence of a considerable
local structural disorder in all three systems of nanoparticles
studied. Moreover, a closer look at the experimental PDFs
for the gold nanoparticles shows that they decay almost to
zero at interatomic distances much shorter than the average
nanoparticle’s size. This observation shows that the local
structural disorder and not the particle’s size is the factor
limiting the structural coherence in the nanostructured gold
studied by us.

To assess the details of the atomic-scale structure in the
nanoparticles we attempted to approximate their experimen-
tal PDFs with a model based on the face-centered cubic
structure [see Fig. 5(c)] occurring with crystalline gold. The
model calculations were done with the help of the program
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FIG. 5. Computer generated model of a 3 nm gold nanoparticle
(circles) in water (short bars) (a). The same nanoparticle is shown in
(b) with the water molecules removed for the sake of clarity. The
nanoparticle has a moderately relaxed surface and a more densely
packed interior divided into domains that are misoriented with re-
spect to each other. A fragment of the fcc lattice of bulk gold is
shown in (c) for comparison. The cubic unit cell is outlined with
thin solid lines.

PDFFIT.?! The program uses crystal structure data such as unit
cell constants, atomic coordinates, and thermal factors
(mean-square atomic displacements) to compute model
PDFs. As can be seen in Fig. 4(a) the experimental data for
bulk gold are very well reproduced by the fcc-structure based
model. The very good agreement between the model and
experiment well documents the fact that the atomic PDFs are
a true representation of the atomic ordering in materials and
can provide a good quantitative basis for the testing and
verifying of structural models. To mimic the presence of lo-
cal structural disorder in the nanoparticles we artificially en-
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larged the mean-square displacements of the atoms in the
model atomic configurations from u,=0.010 A2 for crystal-
line gold to u,,=0.020 A2, u,,=0.033 A% and uy,
=0.045 A? for the 30 nm, 15 nm, and 3 nm nanoparticles,
respectively. Furthermore, we multiplied the model PDF data
with a decaying exponent as originally suggested by Ergun
and Schehl?? and later on implemented in a similar manner
by Gilbert ef al.” As can be seen in Fig. 4(a) the experimental
PDFs for the 15 nm and 30 nm nanoparticles can be approxi-
mated very well by such a locally disordered fcc-type struc-
ture. The agreement between the model and experimental
data for the 3 nm nanoparticles is not as good but still ac-
ceptable given the high degree of structural disorder present
in the material. The result clearly shows that the atomic or-
dering in bulk and nanostructured gold studied by us is of the
same type but differs in its perfection in the different
samples. Also, it shows that the atomic ordering in 3 nm
nanoparticles departs from the face-centered cubic one in a
substantial way and may not be fully accounted for by a
fragment of locally disordered fcc lattice alone.

To obtain a more realistic model for the 3D structure of 3
nm gold nanoparticles we employed potential-based com-
puter simulations and verified their outcome against the ex-
perimental PDF data. We adopted Monte Carlo simulations
because the size of the 3 nm nanoparticle prevented the use
of more precise ab initio simulation techniques. The simula-
tions were based on an effective pairwise potential for gold
that satisfies the bulk cohesive energy and the bulk stability
condition exactly.?®* Furthermore, the potential employs addi-
tional adjustable parameters that scale with the size of the
model system and indirectly take into account the many-
body contributions to the potential energy. The potential was
tested by successfully simulating the fcc structure of bulk
gold starting from a random atomic configuration subject to
periodic boundary conditions. The interaction between the
water molecules was modeled using a TIP4P-type potential®*
and that between gold and water was approximated with a
Lennard-Jones type potential ignoring the adsorption of wa-
ter molecules.?” The simulations were done with the help of
the computer program B0SS.2® They were performed on a
model nanoparticle of 2000 gold atoms with a size of ap-
proximately 3 nm surrounded by 3000 water molecules. Sev-
eral initial configurations for the gold atoms were tested,
including random and completely ordered (fcc-type) ones.
The simulations were run long enough both to avoid the
possible influence of the initial conditions and to minimize
the total energy of the model system. It is well known that a
model of given size can visit several local energy minima,
each corresponding to a different atomic arrangement. To
avoid being trapped in a local minimum we calculated the
atomic PDFs for the relaxed atomic configurations and com-
pared them to the experimental PDF for 3 nm nanoparticles.
The potential parameters were adjusted until the simulations
resulted in a model that is independent on the initial condi-
tions, corresponds to a minimum in the total potential energy,
and reproduces the experimental PDF data reasonably well.
The approach of using a structure-sensitive experimental
quantity to discriminate between competing models is widely
applied in traditional crystallography. Here we apply it to
find a realistic model for nanosize objects with an imperfect
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FIG. 6. (Color online) Comparison between the experimental
(symbols) and model PDFs for 3 nm gold nanoparticles (a). The
model PDFs are calculated from the Monte Carlo generated atomic
configuration shown in Fig. 5(b) (solid line in red) and on the basis
of a locally disordered fcc-type lattice (broken line in black) as
described in the text. Distribution of bond angles in the Monte
Carlo generated configuration (symbols) and in bulk crystalline
gold (solid line in red) (b).

yet well-defined atomic-scale structure. A typical representa-
tive of the model atomic configurations obtained in the man-
ner described above is shown in Fig. 5(a). The corresponding
atomic PDFs is compared to the experimental one in Fig.
6(a). The agreement between the calculated and experimental
data is better than that achieved with the fcc-lattice type
model clearly showing that the potential-based model cap-
tures very well the essential structural features of 3 nm gold
nanoparticles in water. The model nanoparticle, stripped out
of the surrounding water molecules, as shown in Fig. 5(b), is
available from the authors upon request. Analysis of the
model atomic configuration allows to draw important conclu-
sions about the atomic arrangement in 3 nm gold nanopar-
ticles. The model gold nanoparticle is spherical in shape
which is consistent with the TEM observations [see Fig.
1(a)]. The atoms at the particle’s surface are not so densely
packed as those in the core of the particle. However, the
structural distortion associated with the surface relaxation
does not seem to destroy the fcc-type atomic arrangement in
the nanoparticle. This is demonstrated by the fact that the
distribution of bond angles in the model atomic configuration
is only slightly broader than that in the perfect fcc-type lat-
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FIG. 7. Computer generated model of a 2 nm gold nanoparticle
(circles). Water molecules surrounding the nanoparticle are not
shown for the sake of clarity.

tice used to approximate the PDF data for bulk gold [see Fig.
6(b)]. Interestingly, the atomic arrangement in gold nanopar-
ticles we modeled in the absence of water turned out to be
less distorted than that observed in nanoparticles modeled in
water. This observation is in line with the findings of other
independent studies on gold nanoparticles in air.'® It is, how-
ever, in sharp contrast to what has been observed with ZnS
nanoparticles which appear to be more ordered in water than
in air.'> A careful inspection of the model presented in Fig.
5(b) also shows that gold nanoparticles as small as 3 nm in
size are likely to exhibit extended structural defects, resem-
bling wedge disclinations,?’ dividing the inner part of the
nanoparticle into regions or domains that are misoriented
with respect to each other. The presence of such structural
defects in gold nanoparticles of similar size has been con-
firmed by high resolution TEM (HRTEM) experiments.'>!
Furthermore, using the same set of potential parameters we
modeled gold nanoparticles of a smaller size (~2 nm in di-
ameter) in water. A typical representative of the model
atomic configurations for 2 nm nanoparticles is shown in
Fig. 7 and is also available from the authors upon request.
The atomic arrangement in the 2 nm nanoparticles appeared
more imperfect than that in the 3 nm nanoparticles as a com-
parison between the model configurations presented in Fig.
5(b) and Fig. 7 shows. This finding reinforces our observa-
tion [see the experimental PDFs in Fig. 4(a)] that the degree
of structural coherence in gold nanoparticles suspended in
water scales with their size. Our model results suggest that
gold nanoparticles of a size less than 2 nm are even more
structurally disordered and their atomic arrangements are
likely to exhibit amorphouslike or noncrystallographic (e.g.,
icosahedral) features. Evidence for such a behavior has been
found in other independent studies of gold clusters and
nanometer-size particles.!+28-30

V. CONCLUSION

The 3D structure of gold nanoparticles with an average
size of 3 nm, 15 nm, and 30 nm in water has been studied by
the PDF technique. The nanoparticles have a well-defined
atomic arrangement resembling the fcc-type structure occur-
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ring in bulk gold. The nanoparticles, however, exhibit a con-
siderable local structural disorder which diminishes with
their size. Models based on a fragment of a locally disor-
dered fcc-type lattice provide a very good description of the
3D structure of 15 nm and 30 nm nanoparticles, and, to a
good first approximation, that of 3 nm nanoparticles. The
atomic arrangement in nanoparticles of size 3 nm and
smaller is better described by models that take into account
the presence of extended structural defects, domains inside
the nanoparticles, and possible noncrystallographic features.
The clear understanding of the nanoparticles’ size-structure
relationship and the practical model considerations resulted
from the present study are an important step toward a better
understanding of technologically important gold nanopar-
ticles and can help open up the route for calculating and
predicting their useful properties.

The results of the present study are a direct demonstration
of the ability of the PDF technique to yield three-
dimensional structural information for materials of limited
structural coherence, including nanoparticles in solution. The
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technique succeeds because it relies on total scattering data
obtained from the material, and as a result, is sensitive to its
essential structural features regardless of crystalline period-
icity and size. This allows a convenient testing and refining
of structural models. Furthermore, the technique probes the
bulk and can provide an important foundation to imaging
techniques such as transmission electron and atomic force
microscopy, which reveal only structural features projected
down one axis or to a surface.
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